A review paper of the technology basics of vegetable oils epoxidation by means of peracetic or performic acid in the presence of acidic ion exchange resins has been presented. The infl uence of the following parameters: temperature, molar ratio of acetic acid and hydrogen peroxide to ethylenic unsaturation, catalyst loading, stirring intensity and the reaction time on a conversion of ethylenic unsaturation, the relative percentage conversion to oxirane and the iodine number was discussed. Optimal technological parameters, mechanism of epoxidation by carboxylic peracids and the possibilities of catalyst recycling have been also discussed. This review paper shows the application of epoxidized oils.
INTRODUCTION
Nowadays, it is aimed to develop the technologies enabling the production of epoxidized vegetable oils with the content of oxirane oxygen as high as possible, what is synonymous with the preparation of product with a low content of ethylenic unsaturation. These compounds exhibit a higher quality and they fi nd a more versatile application, particularly in products with the iodine number below 10 g/100 g
1-3
. The epoxidation processes of vegetable oils have been carried out by the reactions of carboxylic peracids in the presence of mineral acids 4 or strongly acidic ion exchange resins 5 (industrial methods) as the catalysts. The carboxylic peracids can be formed in situ in an epoxidation reactor. In the processes realized on a small scale, the following methods of epoxidation are used: chemoenzymatic, by hydrogen peroxide in the system methyltrioxorhenium(VII)-CH 2 Cl 2 /H 2 O 2 , by urea-H 2 O 2 complex, by organic hydroperoxides or H 2 O 2 in the presence of titanium as catalysts, (Ti(IV)-grafted silica, amorphous Ti/SiO 2 ).
The importance of epoxidized vegetable oils
Epoxidized vegetable oils are used as plasticisers and stabilizers for polyvinyl chloride and other plastics 6, 7 . The plastics become fl exible, enough to be used for the production of packaging fi lms. They better fulfi l the requirements required for high-temperature lubrication oils and they are readily biodegradable. A high reactivity of the oxirane ring in the oils causes that they are transformed in simple processes to alcohols, glycols, polyols, monoesters of glycols, diesters of glycols, alkanolamines, carbonyl compounds and the polymers of epoxide compounds [8] [9] [10] . Epoxidised vegetable oils can be used directly as plasticizers, stabilizers of polymers
1, 11-13
and low-and high-temperature biolubricants 14- 16 . Fatty and amide polyols are of a large importance due to the application in the production of polyurethanes 1 and the surface active agents 17 . A particular importance has the production of oligoesterols and oligoetherols as an oligomeral part subjected to the reaction with isocyanates in the polyurethanes synthesis 18, 19 . Signifi cant amounts of oligomerols are used for the manufacture of insulating liquids 10 , thermosetting composites 20 and protective coatings 21, 22 after the initiation of crosslinking by UV radiation. Fatty acid amides, obtained on the basis of linseed, soybean and canola oil after the epoxidation followed by the hydration to the glycols and further transformations are used as detergents, shampoo, lubricants, cosmetics and foam producing controllers 23 . Epoxidised oils with high oxirane oxygen content are considered to be of better quality 24 .
Epoxidation by peracids
The methods of vegetable oils epoxidation using the carboxylic peracids formed in situ or synthesized in the separate reactors (conventional treatment) are predominant among several ways of epoxidation. In these technologies, a mineral acid (H 2 SO 4 , HNO 3 , H 3 PO 4 , HCl), alkanesulphonic acids or strongly acidic ion exchange resins are used as catalysts in the synthesis of peracids 4, 25-28 . The in situ methods are mainly used for the epoxidations carried out on a large scale, realised in a batch. A primary advantage resulting from the application of the catalysts of the type of acidic ion exchange resins in a comparison to the homogeneous catalysts of the type of mineral acids relies on an improvement of the selectivity of transformation to an epoxy compound via a decrease of the rate of opening of formed oxirane ring, mainly to glycols and glycol monoesters. A smaller improvement in the selectivity transformation to oxirane was achieved after the application of neutral solvent such as benzene, toluene, hexane, heptane 29 . The solvent was used in the amount up to 20 wt% in relation to oil. This allows to increase the reaction rate and to lead the epoxidation safely at higher temperatures. A small increase in selectivity of transformation to epoxyglycerides has performed as a result of the mineral acid neutralization in the post reaction mixture 30 . On an industrial scale there is carried out epoxidation of vegetable oils with nutritional properties, such as: soybean, rapeseed, palm, maize oil. Epoxyglycerides used for the above-mentioned technical applications. Currently, for these purposes are increasingly using oils that are not listed on the nutritional properties (mahua, jatropha, karanja). The process of epoxidation can be carried out as single-or two-stage. At in situ epoxida- tion in the reactor are mixed: oil, hydrogen peroxide, carboxylic acid and catalyst. In the two-stage process percarboxylic acid is obtained separately and introduce into the reactor containing the oil 31 . The epoxidation of specifi ed oils with high conversion of ethylenic unsaturation and high selectivity of transformation to oxirane rings requires determine the infl uence of technological parameters, especially: temperature, peracid -ethylene unsaturation molar ratio, reaction time, amount of catalyst and stirring speed 32 . Moreover the epoxidation performed in the presence of ion exchange resins reduces the amount of wastewater as compared to mineral acids used as a catalyst, and the process can be considered as environmentally friendly. Modeling of reactor of vegetable oil epoxidation has been described in detail in the literature 33, 34 .
The epoxidation mechanism
In the epoxidation method by carboxylic peracids proceed simultaneously two reactions the formation of peracid (1), which is consumed in the intrinsic epoxidation (2), during a contact with ethylenic unsaturation of oil ( Fig. 1 ).
sodium bicarbonate 39 or washed with warm water until it was acid free
38, 42
. A similar effect was obtained after the replacement of mineral acid by strongly acidic ion exchange resins
1
. The sulfonated styrene-divinylbenzene copolymers are commonly used
42 . An improvement of thermal stability of epoxidized soybean oil can be achieved by running the process in the presence of acids complexing the heavy metals: nitrilotriacetic, cyclohexanediaminotetraacetic 43 .
The carboxylic acid, reproduced in the reaction (2) again undergoes reaction with hydrogen peroxide and new amounts of peracid are formed. The reaction (1) proceeds signifi cantly slower in comparison with reaction (2) , what limits the process. The rate of peracid formation, thereby, the process rate increases by introduction of mineral acid as a catalyst, most often sulphuric(VI) acid or strongly acidic ion exchange resins
25, 35
. The presence of such type catalyst is not necessary in the reaction 2. A strongly acidic catalyst accelerates the side reactions of oxirane ring opening.
The side reactions
The side reactions of epoxidation process by peracids in the presence of acidic ion exchange resins are always involve a ring opening - Figure 2 .
Ring opening takes place through cleavage of one of the carbon-oxygen bonds. It can be initiated by either electrophiles or nucleophiles and catalyzed by either acids or bases. The nucleophilic attack on an epoxide is presented in Figure 3 15 . The hydrolysis leading to glycols and the acylation to hydroxy esters are the major side reactions
36-39
. Doll, Bantchev and Murray 40 described isomerization methods of ring oxirane to keto-and diketo derivatives in epoxy oleochemicals catalysed by bismuth(III) trifl uoromethanesulfonate. Another way to limit the infl uence of these reactions relies on the neutralization of post-reaction solutions. In epoxidation processes realized in the presence of mineral acid (H 2 SO 4 ), the post-reaction stream was immediately neutralized with 10% sodium hudroxide 26 ,
Technological parameters of epoxidation
A compilation of the technological parameters of epoxidation of the most important vegetable oils in the presence of ion exchange resin Amberlite IR-120 and obtained results are presented in Table 1 .
As resin Amberlite IR-120 in the amount of 5-25 wt% in relation to the epoxidized agent (CH 3 COOH+30% H 2 O 2 ) was used as the catalyst. In relation to oil, this corresponds to a value of 5-20 wt%. The optimal amount of catalyst, which is different in dependence of the kind of oil and the remaining technological parameters was located within these ranges. A relatively large amount of the catalysts is worthy to notice. However, in some works this amount was even reduced to 2 wt% in relation to oil. However, an elevation of temperature to about 80°C and a prolongation of the reaction time to at least 8 hours was required. A lower limit of catalyst loading amounted to 10-15 wt% in these works 45 . As a rule, the epoxidizing agent was peracetic acid. This acid allowed to achieve higher selectivities of transformation to the epoxy compound in a comparison with performic acid 1 . Moreover, the application of peracetic acid is more favourable with regard to lower costs of acetic acid regeneration in a comparison with formic acid. These costs are caused by similar boiling points of water and formic acid impeding the separation by distillation methods. Moreover, the performic acid creates a greater hazard of explosive decomposition, particularly within the concentration range exceeding 50 wt% and at a temperature of the epoxidation 80°C
38
. It was confi rmed experimentally in the case of soybean oil.
At temperatures up to 60°C, the performic acid can be more effi cient than peracetic acid in many epoxidations. However, at higher temperatures, the high reactivity of formic acid in the reaction with hydrogen peroxide causes, that performic acid formed and a fraction of hydrogen peroxide undergoes the decomposition before taking part in the epoxidation 38 . In these studies the infl uence of temperature on the course of processes were performed in the temperature range of 30-70°C or even higher -90°C . For most investigations peracetic acid was used as epoxidation reagent. Based on these studies, the temperature range 65-70°C was recognized as optimal for the reactions of canola and mahua oils by using performic acid
1, 38
. In other works, the effect of remaining technological parameters was investigated at a constant temperature 70°C. A temperature of 80°C was recognized as too high with regard to a resin destruction, causing a signifi cant decrease of ion exchange resin activity. Mungroo et al. researches of the epoxidation of canola oil with H 2 O 2 at the temperature of 65°C, catalysed by the acidic ion exchange resin shows that the system with formic acid leads to lower conversion of ethylenic unsaturation and selectivity transformation to oxirane rings than the system with acetic acid
1
. According to the fi ndings of other authors elevation of reaction temperature and extension of time results in higher oxirane content in epoxidized vegetable oils 42, 43 . It results, from these compilations ( Table 1) that the optimal molar ratio of acetic acid to ethylenic unsaturation CH 3 COOH/C=C was found to be 0.5:1 in many studies. This value was determined by varying the molar ratio in the range 0.25-1.1:1. In the works 38, 42, 44 , the studies on the infl uence of remaining technological parameters were carried out at the optimal molar ratio CH 3 COOH/C=C 0.5:1.
A similar agreement, in spite of the application of different oils (canola, mahua, cottoseed, soybean, karanja), with various content of unsaturated fatty acids, occurs in the case of the molar ratio of hydrogen peroxide to ethylenic unsaturation 1, 27, 32 . The optimal ratio of H 2 O 2 / C=C amounted to 1.5:1 for the majority of oils. At this value, were carried out the studies of the infl uence of other parameters. The investigations of the effect of H 2 O 2 /C=C molar ratio were performed in the range of 0.5-2.5:1. The studies of the infl uence of stirring speed were carried out in the range of 500-2500 rpm. The upper limit was considered to be the most advantageous. In the case of karanja oil, the optimal conditions occurred at 1500 rpm, whereas at 1800 rpm for oil from cotton seeds.
Signifi cant differences in the applied reaction times were noticed among the oils mentioned in Table 1 . For mahua 27 , karanja 24 and soybean 42 oils, the presented the best results were achieved after the time of 3 hours. A canola 1 oil and castor 44 oil required the reaction time of 7 and 8 hours respectively. It is worthy to mention that the used oils do not contain or contain a small amount of bounded linolenic acid. They are always glycerides of mono-and two-unsaturated fatty acids (oleic and linoleic) and saturated fatty acids. In the case of castor oil this is ricinoleic acid.
Vegetable oils epoxidations using peracetic acid in a longer reaction time -7-8 hours 1, 35 allows for higher conversions of ethylenic unsaturation -88-91% at a lower temperature -65-70°C compared to processes acrried 3 hours at a slightly higher temperature (80°C).
The studies on the effect of solvents (benzene, toluene) on the epoxidation of soybean oil, revealed that their use is not necessary. The relative percentage conversions to oxirane (RPC), were only slightly higher in the presence of these solvents and the conversions of ethylenic unsaturation or the other results were identical.
The work of Sinadinović-Fišer et al. 42 on the epoxidation of soybean oil catalysed by ion exchange resin showed that increasing reaction temperature, catalyst concentration and acetic acid to ethylenic unsaturation molar ratio improved conversion of ethylenic unsaturation, relative percentage conversion to oxirane (RPC) and reaction rate.
In the presented investigations, the fundamental criteria of evaluation was a relative percentage conversion to oxirane and the conversion of ethylenic unsaturation calculated based on the iodine number, in accordance with the description in Table 1 . The highest RPC to oxirane amounted to 90% (canola oil, soybean oil), in the case of mahua and karanja oils it amounted to 85%, whereas for castor oil amounted to 78%.
The parameters presented by different research teams were convergent or similar. The identical values occur in the case of the molar ratios of acetic acid and hydrogen peroxide to ethylenic unsaturation and temperature. These values do not change in spite of different values of iodine numbers of oil used (IN = 82-130 g/100 g), different content of oleic, linoleic, linolenic and another unsaturated fatty acids.
Reuse of catalyst
The studies on the epoxidation of karanja oil 24 with peracetic acid demonstrated the possibility of four times repeated recirculation of the catalyst Amberlite IR-120 in a batch process (each 3.5 h). After each experiment, the catalyst required the regeneration. The regeneration relies on the fi ltration of catalyst, rinsing with water, diethyl ether and drying at ambient temperature. In the studies of soybean oil epoxidation 42 Amberlite IR--120 catalyst in the amount of 16 wt% in relation to oil was used. The epoxidation was carried out under the following technological conditions: temperature 50°C, the molar ratio of CH 3 COOH/H 2 O 2 /C=C = 0.5:1.5:1, stirring speed 2500 rpm, reaction time 10 hours. A relative percentage conversion to oxirane (RPC) with the fresh catalyst amounted to 79% and was decreased to 73% when the catalyst was regenerated four times and then reused. The conversion calculated from iodine number was decreased from 72% to 68%.
Technological solutions
A modifi cation of the classical method (mineral acid) is the epoxidation in the presence of ion exchange resins which relies on the replacement of tank reactors with stirrer by the thin-layer epoxidation 13, 47 . This allows to signifi cantly shorten the time of mutual interaction of formed carboxylic acid and water with the oxirane ring. As a result, the contribution of ring opening reactions was also reduced. In the thin-layer made, the process was carried out at temperature of 38-55°C, under pressure 2.7-53.2 kPa. The constant temperature was maintained by heating the reactor surface. This method of process operation also enables the determination of technological parameters so that during the epoxidation proceeded distilling off the water formed in the reaction and water introduced with hydrogen peroxide. The thin-layer reactor enabled to achieve the signifi cant changes of the degree of transformation of epoxidized oil via the change of the fl ow rate of soybean oil and hydrogen peroxide or the molar ratio of hydrogen peroxide to oil. The selectivity of transformation to oxirane in this process was slightly higher in the presence of strongly acidic ion exchange resins (AIER) of the type of sulfonated styrene-divinylbenzene copolymers then that in the presence of homogenous catalyst of sulphuric acid type and a tank reactor. In our opinion, this method will not fi nd wider application. Very good results can be obtained in a tank reactors with AIER after the development of most favorable technological parameters.
In the case of epoxidation of unsaturated fatty acids or unsaturated fatty acid alkyl esters by peracetic or performic acid, the introduction of catalyst in the form of mineral acid was not necessary since peracid of carboxylic acid was formed due to the infl uence of hydrogen peroxide
13
. In this case, it was advantageous to increase the amount of hydrogen peroxide in relation to the amount of unsaturated bonds. The rate of peracid formation was increased and the selectivity of transformation to oxirane compounds was enhanced.
The major advantage of the classical epoxidation of vegetable oils is a low cost of synthesis of peracid itself (usually acetic), the possibility of carboxylic acid recovery, its relative stability under the conditions of epoxidation operation and a relatively high yield of the process 45 . In the epoxidation of vegetable oils, the peracids: benzoic, fl uoroacetic, m-chlorobenzoic, m-nitrobenzoic, monophthalic are of minor importance. An acid performs here a role of oxygen carrier. Simultaneously, the epoxidation reaction proceeds exothermally, which in a combination of possibility of its decompositions, creates the hazard of explosion.
The peracetic acid concentration in acetic acid during the epoxidation does not exceed 40 wt% at temperatures of 20-70°C. The determination of permissible concentration of peracid and a continuous control of its concentration allows to counteract of this hazard. The operation of process at the optimal technological parameters and knowledge of the infl uence of the technological parameters on the course of epoxidation process for a particular oil or the products of its transformation (unsaturated fatty acids or alkyl esters thereof) also serves to this purpose.
It was also found, that the particles size of catalyst Amberlite IR-120 with dimensions below 120 μm and above 620 μm have no infl uence on the course of process. This allows to recognize a lack of diffusive resistance inside the particle 45 .
CONCLUSIONS
In the vegetable oils epoxidation processes carried out in the presence of strongly acidic ion exchange resins are obtained similar results by using acetic or performic acid. Because of the easy recovery of acetic acid from the reaction solution, and safety, acetic acid is used instead of formic acid. So far the epoxidation results in batches were described. The most suitable epoxidation temperature of frequently used vegetable oils (Table 1 ) using peracetic acid is 65-70 o C, with the amount of strongly acidic ion exchanger 16 wt%. It is also important to determine the molar ratio of acetic acid to hydrogen peroxide and ethylenic unsaturation: CH 3 COOH/H 2 O 2 /C=C = 0.5:1.5:1. The mixing rate should cause homogenization of the oil-water mixture and it is obtained in the range of stirring speed 1500-2500 rpm. 90% conversion of ethylene unsaturation was obtained at these technological parameters after 8 h. Optimal epoxidation parameters of specifi c oils may be different from those shown and should be determined individually for each oil. Application of AIER instead mineral acids as catalysts increases the selectivity transformation to an epoxy compounds. It is possible separation and recycling of the catalyst.
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